Summary Effects of relative shoot height and irradiance on shoot and leaf properties of Quercus serrata Thunb. saplings growing in the understory and in gaps were investigated. Photosynthetic photon flux (PPF) at the location of the shoot relative to that in the open (relative PPF; rPPF) and the height of the shoot base relative to tree height (relative height; rHeight) were measured for all current-year shoots of each sapling. Current-year shoot properties (length, leaf area, number of daughter shoots) and mortality, and leaf properties (mass per area (LMA) and nitrogen content per area (N area )) were examined in relation to rPPF and rHeight. N area was used as a proxy for area-based assimilative capacity. Shoot length, leaf area per shoot and number of daughter shoots increased with increasing rHeight, especially in well-lit conditions. Shoot mortality decreased with increasing rHeight and rPPF. Both LMA and N area were positively correlated with rPPF, but not rHeight.
Introduction
Saplings of forest tree species must survive in the shaded understory, while possessing the capacity to grow rapidly when a canopy opening occurs (Canham 1988 , King 1994 , Runkle et al. 1995 , Coomes and Grubb 1998 , Wright et al. 1998 , Takahashi et al. 2001 , Takahashi and Rustandi 2006 . Saplings often change their crown architecture according to light conditions. For example, shade-tolerant conifer saplings often have flat crowns in the shaded understory because branch elongation is less sensitive to low irradiance than trunk height growth (Kohyama 1980 , Takahashi 1996 , King 1997 . Flat crowns reduce self-shading within the crown, thus enhancing light capture and carbon gain per leaf area (Horn 1971 , Küppers 1989 . Saplings increase their rate of height growth following the opening of a canopy gap by allocating more biomass to the trunk than to leaves (Takahashi et al. 2001) . Thus, the crown architecture of saplings adapts to changing light environments (Kohyama 1987 , Poorter and Werger 1999 , Sterck et al. 2001 ).
Whole-plant crown architecture is influenced by shoot dynamics including the ratio of daughter shoot production and stem elongation, leaf area production per shoot, and shoot mortality (Maillette 1982 (Maillette , 1987 . Shoot growth is a reiterative process whereby photosynthesis supports shoot growth, and shoot growth results in additional photosynthesis. Shoot properties, such as size and morphology, often change ontogenetically (e.g., Niinemets and Kull 1995) ; however, environmental factors such as irradiance also strongly influence shoot properties.
To explain crown development of trees, Sprugel et al. (1991) proposed that shoots are autonymous, and that the growth of a shoot depends entirely on its own photosynthetic production, with the result that well-lit shoots grow faster and produce more daughter shoots than shaded shoots. Realistic patterns of crown development have been simulated with three-dimensional tree models based on the assumption of branch autonomy (Sorrensen-Cothern et al. 1993 , Takenaka 1994 , Perttunen et al. 1996 , suggesting that branch autonomy explains shoot growth dynamics at least in part. However, there is evidence for fairly strict hormonal control of tree crown development, i.e., apical control (Brown et al. 1967 , Cline 1991 . Goulet et al. (2000) showed that shoot growth is greater in the upper crown than in the lower crown, and Maillette (1982) observed that the rate of bud production is greater in the upper than the lower crown. These results suggest that shoot properties are affected not only by irradiance, but also by the vertical position of the shoot relative to tree height (relative height; rHeight).
Leaf properties, such as leaf mass per area (LMA) and leaf nitrogen content per area (N area ), are important determinants of photosynthetic production. Area-based N content is a good indicator of area-based maximum assimilative capacity (A max ) because photosynthetic enzymes, such as RuBP carboxylase, contain large quantities of nitrogen (Ellsworth and Reich 1992 , 1993 , Kitaoka and Koike 2005 . Generally, LMA increases with increasing irradiance. The construction of leaves with high LMA depends on the development of a deep palisade layer, which results in a high N area and area-based A max (Jurik 1986 , Ellsworth and Reich 1992 , Gould 1993 , Niine-mets et al. 1999 , Kenzo et al. 2004 , Takahashi et al. 2005 . Thus, examination of environmentally controlled changes in LMA and N area should help explain how understory saplings increase photosynthetic production in response to the formation of a light gap.
The objective of this study was to determine how photosynthetic photon flux (PPF) at the location of the shoot relative to that in the open (relative PPF; rPPF) and rHeight influence current-year shoot properties (length, leaf area and number of daughter shoots) and mortality, and leaf properties (LMA and N area ) of saplings of Quercus serrata Thunb., a deciduous broad-leaved species, in central Japan.
Materials and methods

Study site
This study was undertaken in a secondary forest dominated by Pinus densiflora Sieb. et Zucc. in Alps Park, Matsumoto City, Nagano Prefecture in central Japan (36°15′ N, 137°58′ E, 800 m above sea level). Mean annual temperature and precipitation were 12.1°C and 976 mm, respectively, from 1994 to 2003 (Matsumoto Weather Station, 610 m a.s.l.). Mean monthly temperatures in the coldest month of February and the hottest month of August were -0.1 and 25.1°C, respectively, and mean monthly temperatures were above 5°C from April to November (Kira 1948) .
Sapling selection and characteristics
Quercus serrata saplings on a gentle west-facing slope near a ridge top were investigated. Quercus serrata is a shade-intolerant, deciduous broad-leaved species with a monopodial branching habit. In September 2003, 20 saplings were chosen from the understory and another 20 saplings were selected in canopy gaps or at the stand edge. To minimize ontogenic variation in shoot and leaf properties, only saplings within a limited height range (trunk height 58-121 cm) were chosen (Table 1) . Trunk height, trunk diameter at ground level and crown width in two perpendicular directions including the maximum were measured for each sapling. Crown projection area was calculated as an ellipse.
Shoot characteristics and mortality
All current-year shoots of the selected saplings were tagged. There were between 15 and 106 current-year shoots per sapling with a mean of 40 (Table 1) . On each sapling, we measured lengths of all shoots and all leaves. The height of the base of each current-year shoot relative to tree height (rHeight) was also measured.
All shoots selected in 2003 were examined in 2004 to record mortality and the number of daughter shoots produced in 2003.
Shoot and sapling light environment
On cloudy days in September 2003, photosynthetic photon flux (PPF) was measured with PPF sensors (Koito memory sensor MES-101, Yokohama, Japan) in a canopy gap and at the tip of each current-year shoot of 10 saplings (< 100 cm in trunk height) of the 20 selected in the understory and in the canopy gaps. Relative PPF (rPPF) for each shoot was calculated as the stem-tip value relative to PPF in the canopy gap.
For each sapling, the mean rPPF of shoots with an rHeight > 0.8 was taken as a measure of sapling light status (rPPF sapling ). Values of rPPF sapling were less than and greater than 15% for the understory and gap saplings, respectively.
Leaf mass per unit area
At the end of September, following the PPF measurements, one healthy leaf was clipped from each shoot for which rPPF had been measured and leaf area and leaf mass determined. Because the end of September is the end of the growing season at the experimental site, the effect of leaf sampling on growth and survival of each shoot in the following year (2004) was assumed to be small. Leaf area of sampled leaves was calculated with the public domain NIH Image program (developed at the U.S. National Institutes of Health, which can be downloaded from the Web at http://rsb.info.nih.gov/nih-image/). Leaves were weighed after oven drying at 80°C for at least 48 h, and LMA calculated.
Leaf nitrogen content
Leaves were sampled for N analysis from the three largest saplings among the 10 for which rPPF was measured. The numbers of leaves sampled were 107 and 159 for understory and gap saplings, respectively. Leaves were ground to powder and total nitrogen content determined with a C-N analyzer (MT-1600, Yanaco Co., Tokyo, Japan). We calculated N area as the product of LMA and mass-based nitrogen concentration.
Sapling leaf area
Leaf area of individual leaves was estimated from the length of all leaves of each of the 29 saplings sampled for nitrogen analysis. Because leaves were narrower in well-lit than in shaded conditions, two regressions were developed for leaves sampled in the understory saplings (rPPF sapling ≤ 15%; Equation 1 where S is leaf area (cm 2 ) and L is leaf length (cm). Leaf area was significantly smaller at any leaf length for gap saplings than for understory saplings over the range of observed leaf lengths (2.2-12.3 cm; analysis of covariance, F 1,55 = 5.9, P < 0.05).
Statistical analyses
The frequency distribution of rHeight of shoots was compared between the understory and gap saplings by the Kolmogorov-Smirnov two-sample test.
Because both rPPF and rHeight were expected to influence shoot and leaf properties, multiple regression analysis was done to show how rPPF, rHeight and their interaction (rPPF × rHeight) affect leaf properties (i.e., LMA and N area ) and current-year shoot properties (i.e., stem length, total leaf area per shoot and number of daughter shoots). Leaf and shoot properties, including daughter shoot numbers, were analyzed in relation to rPPF in 2003.
Where several daughter shoots arose from the same mother shoot, as often occurred in the better lit portions of the upper canopy, multiple regression analyses to evaluate the effects of rPPF, rHeight and their interaction were based on the length of the longest shoot.
Each partial regression coefficient of the multiple linear regression expresses the rate of change of the dependent variable for each unit of an independent variable with all other independent variables held constant, and therefore is subject to the measurement scale of each independent variable. Different scales among independent variables cause difficulty in comparing the magnitude of the effect of each independent variable. Instead of expressing the rate of change in the original measurement units, the standard partial regression coefficient gives the rate of change in standard deviation units of dependent variable for each standard deviation unit of each independent variable. An advantage of standard partial regression coefficients is that their magnitudes can be compared directly to show the relative standardized strengths of the effects of several independent variables on the same dependent variable. This property eliminates the effects of differences in measurement scale for different independent variables (Sokal and Rohlf 1995) . We used standard partial regression coefficients to assess how rPPF, rHeight and their interaction (rPPF × rHeight) affect the leaf properties, LMA and N area , and the shoot properties, stem length, total leaf area per shoot and number of daughter shoots.
Shoot mortality is a discrete event. An observation can have only the value 0 (live) or 1 (dead). Therefore, we used a logistic equation to model the probability of shoot mortality:
where M is the probability of annual shoot mortality To develop an explicit mortality model, the backward stepwise method was used. We set the P value to enter and remove at 0.15. The rHeight and rPPF data were arcsine-transformed before statistical analyses.
Results
Shoots were significantly more concentrated in the upper crown in understory saplings (rPPF sapling ≤ 15%) than in gap saplings (rPPF sapling > 15%; Kolmogorov-Smirnov two-sample test, P < 0.001; Figure 1 ). Leaf area density (total leaf area per crown projection area, dimensionless) did not differ significantly between understory saplings (0.68 ± 0.26 standard deviation) and gap saplings (0.77 ± 0.33), nor did shoot density (total number of current-year shoots per crown projection area; understory saplings, 171 ± 78 m -2 versus gap saplings, 214 ± 104 m -2 ). Shoot PPF within a crown was more variable in gap saplings than in understory saplings. Mean shoot PPF within a crown was 4.7 ± 1.5% for understory saplings and 9.4 ± 16.6% for gap saplings. Shoot PPF tended to be higher in the upper crown in gap saplings, but not in understory saplings. A significant positive correlation between shoot PPF and rHeight was detected in four saplings of the 10 gap saplings, whereas only one saplings of the 10 understory saplings showed a positive relationship, indicating that little mutual shading of leaves within a crown occurred in understory saplings compared with gap saplings.
The longest daughter shoots tended to be longer in the upper crown, especially for gap saplings ( Figure 2) ; however, shoot length was less in the lower crown of both understory and gap saplings. Thus, only the interaction term rHeight × rPPF was significant (P < 0.01; Table 2) in the multiple linear regression analysis.
Total leaf area per shoot was positively correlated with the interaction term rHeight × rPPF and negatively correlated with rPPF (Table 2; Figure 3) . However, the negative correlation with rPPF does not mean that total leaf area per shoot decreased at high rPPF. A positive correlation between total leaf area per shoot and rPPF was detected by the single factor regression (P < 0.01, R 2 = 0.011, n = 602), but rPPF accounted for little of the variation in total leaf area per shoot (cf. low R 2 value). The absolute value of the standard partial regression coefficient for the interaction term rHeight × rPPF was 1.5 times higher than for rPPF ( Table 2 ), indicating that total leaf area per shoot increased in the upper crown in brighter conditions because of a stronger positive effect of the interaction rHeight × rPPF compared with the negative effect of rPPF.
Mean number of daughter shoots per mother shoot in the Table 2 . Standard partial regression coefficients of multiple linear regressions for shoot properties (stem length, leaf area per shoot, number of daughter shoots) and leaf properties (leaf mass per area (LMA) and leaf nitrogen content per area (N area )) with shoot height relative to tree height (rHeight), photosynthetic photon flux at the shoot stem-tip relative to that in the open (rPPF) and their interaction as explanatory variables. Data for rHeight and rPPF were arcsine-transformed. Degree of freedoms for the whole model is F 2,n -3 for each regression. Asterisks indicate level of significance: * = P < 0.05; ** = P < 0.01; *** = P < 0.001. second year (2004) was significantly greater for gap saplings (rPPF sapling > 15%; 1.64 ± 2.0, n = 371) than for understory saplings (rPPF sapling ≤ 15%; 1.17 ± 1.05, n = 251; Mann-Whitney U-test, P < 0.05, n = 622). As found for the relationship between total leaf area and rHeight, the number of daughter shoots was greater in the upper crown (Figure 4) . Multiple linear regression showed that the interaction term rHeight × rPPF and rPPF had positive and negative effects, respectively, on the number of daughter shoots (Table 2 ). However, the negative effect of rPPF does not mean that the number of daughter shoots decreased as rPPF increased. A positive correlation between number of daughter shoots and rPPF was detected by the single factor regression (P < 0.001, R 2 = 0.052, n = 622), but the R 2 value was low. The absolute value of the standard partial regression coefficient for the interaction (rHeight × rPPF) was 1.8 times greater than for rPPF ( Table 2 ), indicating that the number of daughter shoots increased in the upper crown in brighter conditions because of a stronger positive effect of the interaction rHeight × rPPF compared with negative effect of rPPF.
In the second year (2004), shoot mortality decreased with increasing rHeight and rPPF (P < 0.001 for rHeight × rPPF; Table 3; Figure 5 ). The difference in shoot mortality between rPPF 5% and 40% increased with increasing relative shoot height ( Figure 5 ). Thus, crown development was more vigorous in the upper crown because stem elongation, total leaf area per shoot and number of daughter shoots were greater, whereas shoot mortality was lower.
Shoot morphology of Q. serrata was not isometric. If total leaf area per shoot increases with shoot length by isometric scaling, the slope of the allometric relationship between total leaf area per shoot and shoot length is 2.0 on the ln-ln scale. However, we found that the slope of the total leaf area per shoot versus shoot length relationship on the ln-ln scale was considerably less than 2.0 for understory saplings (rPPF sapling ≤ 15%) and gap saplings (rPPF sapling > 15%; Figure 6 ). Slope values of 0.880 and 0.813 for understory saplings (rPPF ≤ 15%) and gap saplings (rPPF > 15%), respectively (Figure 6 ), indicate that total leaf area changed less than shoot length.
Leaf mass per area was positively correlated with rPPF (P < 0.001), but not with rHeight or rHeight × rPPF (Table 2 ; Figures 7a and 7c ). The N area had a strong positive relationship with LMA (F 1,264 = 1335.9, P < 0.001, R 2 = 0.83), as a result of a constant, or almost constant, nitrogen concentration irrespective of LMA (mean nitrogen concentration 1.7 ± 0.2%). Accordingly, N area positively correlated with rPPF (P < 0.001) and did not correlate with rHeight or rHeight × rPPF (Table 2 ; Figures 7b and 7d ).
Discussion
We found that shoot and leaf properties of Q. serrata saplings responded differently to rHeight and rPPF. Stem length, total leaf area per shoot and number of daughter shoots, were greater and shoot mortality was lower in the upper crown, especially in well-lit conditions. In contrast, leaf properties, such as LMA and N area , did not change with rHeight, being regulated by rPPF alone.
There have been many studies showing effects of irradiance on shoot properties. For example, current-year stem length and number of daughter shoots are often positively related to irradiance (e.g., Koike 1989 , Beaudet and Messier 1998 , Goulet et al. 2000 , Ozawa et al. 2000 , Takenaka 2000 , Umeki and Seino 2003 . Total leaf area per shoot also increases with irradiance because it correlates positively with stem length in many species (e.g., Takenaka 1997, Yagi and Kikuzawa 1999) . Umeki and Kikuzawa (2000) showed that competition with neighboring trees (i.e., shading) increased branch mortality.
The effects of rHeight on the shoot properties that we observed cannot be explained by light conditions. However, the effects of rHeight on shoot properties do not seem to be independent of the effects of branch order. Suzuki (2003) reported that shoot growth was greater for lower-order branches in TREE PHYSIOLOGY ONLINE at http://heronpublishing.com SHOOT AND LEAF PROPERTIES OF QUERCUS SERRATA 1039 understory trees of Cleyera japonica Thunb. even when irradiance was similar. Although we did not measure length of current-year shoots in relation to branch order, lower-order shoots may have been more abundant in the upper crown and may have accounted for the longer stems. Thus, we cannot exclude the possibility that the effects of rHeight were confounded with the effects the branch order; however, lower-order branches (e.g., second-order branches) were also present in the lower crowns of Q. serrata saplings. If branch order strongly regulates stem length, then it would be expected that stem length of lower-order branches in the lower crown would be similar to stem length of lower-order branches in the upper crown. However, the length of the longest current-year shoot decreased with rHeight in understory and gap saplings (Figure 2) . Shoot rPPF was similar irrespective of rHeight because there was almost no mutual shading of leaves, especially in understory saplings. Nevertheless, shoot length was greater in the upper crown of the understory saplings, even though lower-order shoots were present in the lower crown (Figure 2 ). These results suggest that, in addition to branch order and light conditions, rHeight also regulates shoot properties. There are several ecological consequences of greater shoot growth in the upper crown than in the lower crown. First, saplings can increase height growth by transporting photosynthate from the lower to the upper crown, which is advantageous in the competition with neighboring trees, especially where competition for light is severe. Nikinmaa et al. (2003) examined the effect of shoot position, expressed as a vigor index, on shoot growth of Scot pine (Pinus sylvestris L.) by three-dimensional simulations and found that the vigor index is positively correlated with rHeight of the first-order branches and is negatively correlated with branch order. Nikinmaa et al. (2003) also showed that simulated trunk height increment is greater if shoot growth is influenced by both irradiance on each shoot and its vigor index rather than by irradiance alone (i.e., branch autonomy). Henriksson (2001) suggested that photosynthate is preferentially allocated to branches located in more favorable conditions within a crown, thereby optimizing the use of available light, i.e., use of photosynthate to maximize growth of individual trees is more important than maximizing growth of each shoot. Second, saplings can accumulate leaves in the upper crown, which reduces self-shading within the crown (Horn 1971) . Reductions in self-shading increase carbon gain per leaf area (Pearcy and Yang 1998) , which promotes survival in the poorly-lit understory. We found that Q. serrata leaves were more concentrated in the upper crown of understory saplings (rPPF sapling ≤ 15%) than of gap saplings (rPPF sapling > 15%; Figure 1 ), a distribution that reduces selfshading within the crown.
Variation in shoot length was large in the upper crown of Q. serrata saplings (Figure 2) , suggesting morphological and functional differentiation of shoots, i.e., long and short shoots (Takenaka 1997, Yagi and Kikuzawa 1999) . Total leaf area per shoot did not change as much as stem length of current-year shoots ( Figure 6 ). Thus, shoots with a shorter stem have a greater leaf area per stem length. If stem length of all shoots in the upper crown increased, total leaf area per sapling would be Regression equations are (a) lnS = 0.880 lnL + 2.787 (R 2 = 0.24, P < 0.001, n = 663) and (b) lnS = 0.813 lnL + 2.491 (R 2 = 0.40, P < 0.001, n = 844), where S is total leaf area per shoot (cm 2 ) and L is shoot length (cm). Reduced major axis regression model was used for the calculation. Abbreviation: rPPF sapling = sapling light status. reduced because of reduced biomass allocation to leaves, which in turn would reduce total photosynthetic production per sapling. However, if all shoots are short, total leaf area per sapling is increased, but assimilation rate per leaf area is reduced because of increased mutual leaf shading. Thus, the variation in shoot length in the upper crown increases light capture per sapling while limiting mutual shading of leaves.
Unlike shoot properties, leaf properties, LMA and N area , responded only to rPPF ( Table 2) . Leaves of well-lit saplings typically have a high LMA and N area (Niinemets 1997 , Niinemets et al. 2005 , Takahashi et al. 2005 . Both LMA and N area increase with canopy height because of increased light availability (Ellsworth and Reich 1993 , Takahashi et al. 1999 . Ellsworth and Reich (1993) observed that a change in N area along a vertical profile of light gradient maximized stand level photosynthesis because leaves with higher assimilative capacities are more suitable for photosynthetic production in sun-lit canopies and a lower respiration rate compensates for a lower assimilation rate in shaded lower canopies. Thus, for Q. serrata saplings, a change in N area in proportion to irradiance, irrespective of relative shoot height, increases whole-plant photosynthetic production at a given irradiance.
In conclusion, shoot properties (shoot length, total leaf area per shoot, number of daughter shoots and mortality) and leaf properties (LMA and N area ) respond differently to increases in relative shoot height and irradiance to increase height growth and photosynthetic production. These different responses are ascribed to the different functions of leaves and stems-the role of leaves is photosynthetic production under current light conditions and the role of stem growth relates to future sapling growth rates and competitive abilities. 
